Abstract: This paper is an overview of the research activities carried out in the past five years at the Institute for Physics of Microstructures RAS and "X-ray" Company towards the manufacture of multilayer mirror systems capable of forming X-ray beams in the subnanometer range of wavelengths. The systems fabrication technology is presented, including techniques for producing supersmooth surfaces of specified shape, methods of graded multilayer structure deposition on such surfaces, and the principles of designing optimal mirror parameters. The characteristics of a quadrelliptical reflector -a novel high light-gathering power four-corner focusing system -are reported.
Introduction
In this work we present the results of the research conducted at the Institute for Physics of Microstructures RAS (IPM) and the "X-ray" Company towards upgrading the multilayer mirror systems that form beams of hard X-ray radiation.
From the classical experiments of Laue, first flat and then bent crystals came into use as X-ray reflectors. Further, after Compton's discovery of the total external reflection effect (TER), TER mirrors were used for this purpose. The situation has changed radically with the advances in technology for the fabrication of long-term stability synthetic multilayer periodic structures [1] [2] [3] . One key advantage of such multilayer structures (MLS) is that they can be made to any desired period. As soon as they came into being, these MLS found wide application for diagnostics and the formation of beams in the soft range of wavelengths (λ ≈ 0.1 − 30 nm).
Another important step in the development of mirrors for the hard X-ray beam shaping systems was made in 1990s, when Göbel [4, 5] proposed and experimentally realized a system on the basis of graded MLS (GMLS) deposited on the surface of elliptic and parabolic cylinders. In such GMLS the period d varies along the cylinder directrix so that at each point on the surface the Bragg condition (2d sin θ = λ, where θ -grazing angle) is satisfied. The aperture ratio of these mirrors is about an order higher than that of the TER mirrors and in many cases exceeds the aperture ratio of bent crystals. Therefore, GMLS have come into wide use for collimation and focussing of hard X-ray radiation (λ ≈ 0.1 − 0.2 nm) from linear sources.
It is well known that the focusing of hard X-ray radiation from a quasi-point source can be realized with mirrors of two types. Type I mirrors are figures of rotation of a specified curve, ellipse or parabola, around the optical axis of the system. The second type is represented by crossed systems of cylindrical mirrors, which focus the radiation in mutually perpendicular directions. Systems of the first type have an aperture ratio that is tens times higher [6] , but their manufacture is quite complicated technologically and very expensive.
The system of two crossed mirrors, so-called Kirkpatrick-Baez system (K-B), was proposed for the first time in 1948 [7] . It is an in-series assembly of two spherical TER mirrors with mutually perpendicular normals, which were further replaced with cylindrical mirrors differing in the form of cylinder directrix (ellipse, parabola,etc.), in order to reduce aberrations. It was noted in [8, 9] that the aperture ratio of K-B systems can be increased (by about four times [6] ) without changing the system dimensions by just matching the initial and final coordinates of the two mirrors. Besides, such a corner reflecting system, unlike the classical (series) K-B assembly, has no aberrations through a difference in magnification in the mutually perpendicular directions because the mirrors are at different distances from the radiation source.
A natural way to enhance the aperture ratio of the K-B systems is to multiply the number of pairs of such elements around the system optical axis. For example, in [10] the developers of an X-ray microscope used four pairs of TER mirrors arranged symmetrically around the system axis. "Osmic" corporation offered and patented corner reflecting systems based on GMLS [11], including a multiple corner assembly [12] . However, so far there have not been any publications on the manufacture of such systems.
An original technology for fabricating mirror systems to form X-ray beams has been developed by our group. The manufacture of bent multilayer mirrors involves two independent technological processes: fabrication of supersmooth surfaces of a desired form, and deposition of GMLS on these surfaces. An important part of the bent GMLS fabrication technology is the development and manufacture of special measuring equipment for testing both the form of a substrate surface and the MLS period distribution over it.
To illustrate the potential application of the developed technique, in this paper we describe a four-corner elliptic (quadrelleptical) mirror system, which is a pioneering publication of the IPM group. This mirror offers a record aperture ratio, exceeding by four times that of the currently most effective symmetric corner reflecting systems of the "side-by-side" type.
Methods of fabricating substrates with preset surface form
To ensure high reflectivities by MLS, the interface roughness and the substrate surface roughness have to be kept at a level of 0.2 − 0.5 nm (rms) [13, 14] . The advanced optical technologies allowing such microroughness to be attained are, in the first place, not nearly so universal as to suit any kind of surface and, secondly, they are very expensive. We used a simpler and cheaper approach to fabricating surfaces of a desired form. As a rule, plane substrates with a supersmooth surface are used for initial surfaces, these are then brought to a desired shape by deformation within a technological process. The substrates are either "float glass" prepared in the liquid lead casting process (σ ≈ 0.4−0.6 nm), wafers of commercial monocrystal silicon (σ ≈ 0.2 nm), or some polymers (σ ≈ 0.5 nm).
The initial surface was brought to a desired form in our experiments by the elastic [15, 18] and thermoplastic [15, 16, 18] bending of slabs, and also by replication of a specified mold surface [15, 17, 19] . Either method has its own advantages and disadvantages, yet when used jointly they enable fabrication of a variety of surface shapes in a wide range of curvature radii. The methods of elastic and thermoplastic bending are mainly used for the manufacture of cylindrical surfaces with a different type of directrix (ellipse, parabola, logarithmic spiral, etc). Thus formed surfaces can serve as molds in the replication methods for mirror manufacturing or, after deposition of metal films or multilayer structures on them, as TER or MLS reflectors with the required surface form respectively.
The methods of elastic bending are based on a well known relation K(x) = M(x)/ (E ·I(x)), where K(x) is local curvature, M(x) and I(x), respectively, the bending moment and the moment of inertia, depending on geometrical parameters in cross-section x, E is the Young modulus. To obtain a desired curvature distribution K(x) along the sample under specified external load M(x), the plate shall be cut in thickness or width in compliance with expression I(x) = M(x)/(E · K(x)). For the elementary case of a cantilever fixed rectangular slab of length L, width a and thickness b, whose end is under applied force F , the bending moment M = (L − x) · F and I = 12(a · b
3 ). The origin of coordinate x is at the fixing point. By cutting the slab on width in accordance with expression a(
, we obtain the required curvature distribution, K(x) along the plate.
The elastic bending methods are quite simple, dynamic, and inexpensive; however, they have a major limitation in that the surface curvature radii in this case cannot be made smaller than R min = 500 mm. Free from such drawbacks are the methods of thermoplastic bending, which permit fabrication of surfaces with practically any curvature radii. Yet, they take a much longer time and are more labour-intensive than the elastic bending.
The methods of thermoplastic bending are based on the relation K(x) = ξ(T )·M(x)·t, where tis the heating time and ξ(T ) the temperature-dependent coefficient of fluidity. The required curvature distribution along the sample, K(x), can be achieved using two approaches. In one, the necessary curvature distribution is obtained by moving a narrow zone of heating along the sample in accordance with the specified law of movement of the heater. Here the heating time t(x) is calculated at each point by a step-by-step movement of heater. The second approach involves isothermal heating within given time t. In this case the necessary curvature distribution K(x) is obtained by the appropriate selection of distributed external forces with a linear density
The method of replication is of greatest interest when it comes to the manufacturing of several identical samples and, especially, to serial production of such. Two modifications of this method have been developed in our group. In the first technique thin (0.1 -0.5 mm) plates with atomic-level microroughness are used for the replica surface, in the second one it is the polymers of the acrylic series.
The thin plate replication process is as follows. A thin wafer (usually a standard silicon plate for microelectronics applications) is brought in close contact with the surface of a transparent glass or quartz male mold ( Fig. 1, a) . The interference picture in the gap between the wafers and the mold surface ( Fig. 2 ) is used to control deviation of the wafer surface from that of the mold. Next, a fixative massive matrix ( Fig. 1, b) is pasted onto the back side of the slab. Finally, the mold and the matrix with a ready silicon surface are separated (Fig. 1, c) . Thus-made surfaces can be used as crystalline reflectors [11] or, after deposition of metal films or multilayer structures on them, as TER or MLS reflectors respectively. Note that instead of a Si wafer it is also possible to use plates from any other crystalline or amorphous materials that have a suitable roughness of surface. This method is highly dynamic, the materials used are available and fairly cheap. Owing to the possibility of an in situ control of the surface form, the method offers high reproducibility. The minimal curvature radius attainable by this method is R min ≈ 500 mm for cylindrical surfaces and R min ≈ 1000 mm for double-bent ones. The process of replication on polymeric films, as against thin plates, allows one to produce surfaces of practically any form and curvature radius. In this method the surface of the replica is acrylic polymers, which permit a high accuracy reproduction of the mold form (including microroughness at an atomic level). For a mold surface roughness σ ≈ 0.2 −0.3 nm, the replica surface has σ ≈ 0.3 −0.5 nm. Technologically, the method is quite simple. A polymer is put on the mold and then topped with a fixative matrix to allow the form to set. After polymerization the system is separated. The main disadvantages of this method include a somewhat greater roughness of polymer surface as compared to silicon, and also polymer shrinkage through polymerization, which may contribute to incomplete reproduction of the mold form.
The accuracy of the surface form of the mirror is readily characterized by the average deviation ∆α of the slope angle of local tangent to test surface, α(x), from the calculated grazing angle α c (x) : ∆α = |α(x) − α c (x)| . Then the average angular divergence of mirror-reflected rays, which is determined by the value of a mirror form error, is δ = 2·∆α. The surface form accuracy ∆α . attained so far by our group through the use of the above methods of surface fabrication lies in the limit of ∆α . ≈ (2 − 4) · 10 −5 radians. Taking into account the influence of the finite size h of a radiation source on divergence of mirrorreflected radiation, it is sufficient for many practical applications. For example, typical laboratory sources of X-ray radiation have h = 10 -100 µm and, with typical distances from source to mirror X ≈ 100 -1000 mm, the radiation divergence determined by the real size of the source (∆ψ ≈ h/X ≈ 10 −4 radians) exceeds that arising from the inaccuracy of the form (∆α ≪ ∆ψ).
To control the surface form we have developed two measuring facilities. One is a contact profilometer based on inductive position sensors, which enables measurements of a sag along a sample of 160 mm in length with an accuracy ∆h = 0.2 microns, which corresponds to the measurement accuracy of a local angle ∆α = 3·10 −5 radians. The second facility is a noncontact two-channel optical profilometer based on simultaneous registration of a laser beam reflected from a local point on the measurable and ethalon surfaces. This device ensures the measurements accuracy ∆α = 1·10 −5 radians of the local angle to surface on a sample with size L = 120 mm.
Thus, we have developed a few different methods of fabricating surfaces for X-ray mirrors of a cylindrical and double-bent form. The methods ensure a surface form accuracy ∆α ≈ 3 · 10 −5 radians, which is sufficient for many practical applications. However, by our estimates the ultimate accuracy of fabrication ∆α = (5 − 10) · 10 −6 radians and it is currently limited by the accuracy of the methods for control of the surface form.
Sputtering of multilayer structures and study of their characteristics
The problems of MS deposition have been studied at IPM RAS since 1981 [3] . Deposition of graded multilayer structures is basically the same procedure as deposition of MS with a constant period. Conventionally, this is done by the method of magnetron sputtering: it is highly efficient and ensures long-term stability of the sputtered material flow, which allows one to reach a desired thickness of layer deposition within the sputtering time [19] . The substrate is periodically moved near two magnetrons. Two diaphragms are placed in the space between the substrate and the magnetrons. By an appropriate pick of the diaphragm shape and the substrate travel velocity one can achieve a desired period distribution on the substrate. The system is placed in a vacuum chamber that is previously pumped down to high vacuum (p ≈ 10 −7 Torr). A multilayer structure is in fact a typical product of nanotechnology. To achieve high reflectivity, one has to make a multilayer structure with a number of layers up to 100 -1000, the thickness of individual layers varying from 0.5 to 10 nm and thickness fluctuations being equal to 10 −2 -10 −3 of the period value. Besides, the interface roughness and interdiffusion of the layer materials, as a rule, should not exceed 0.2 -0.3 nm.
Development of a perfect MLS fabrication technology is impossible without adequate methods of diagnostics of the multilayer parameters. A number of diagnostic techniques have been developed at the institute. These include reflectometry in the hard and soft X-ray ranges, probe and electron microscopies [20] , layer-by-layer Auger-spectroscopy [21] , and atomic force microscopy [14] , which, when used jointly, allow a fairly accurate characterization of MLS.
Research in the hard X-ray range is generally carried out on the characteristic copper line (λ Cuα = 0.154 nm). The main features of the hard X-rays research are associated with a rather weak absorption of radiation in practically any MLS and the possibility of carrying out measurements in air. In [22, 23] a technique was developed based on the analysis of the angular dependences of reflectivity, R(θ), in the vicinity of the critical angle and Bragg peaks. This technique allows one to determine the key parameters of MLS, i.e. period, layer thickness of each material, interface roughness, real density of the layers materials, and a period average fluctuation. Measurements of these parameters are carried out using X-ray diffractometers DRON (Russia) and Philips X'pert PRO (The Netherlands). This technique was successfully applied to determine the MLS parameters that would ensure reliable measurements of reflectivity in three orders of diffraction.
However, in diagnostics of short-period MLS with periods of about 1 nm the reflectometry in the hard X-ray region fails to determine the key MLS characteristics, as reflectivity is decreasing exponentially with a decrease in the MLS period and the higher number of the diffraction maximum. Practically there is only one Bragg maximum observed for these MLS. A special technique was developed to aid MLS diagnostics in such cases, which makes use of the possibility to measure MLS characteristics on several (more than four) wavelengths in the soft X-ray region [24, 25] .
To ensure correctness of period measurements on graded structures it is essential that the incidence angle variation ∆θ within the size of the radiation spot on a mirror surface l s is not beyond the half-width of the Bragg maximum, i.e. ∆θ(x)/θ(x) = ∆d(x)/d(x) = ∇d · l s /d ≤ 1/N, where ∆d is the period variation within the radiation spot size, N is the number of effectively reflecting periods in MS, ∇d the gradient of a period [26] . From here it follows that ∇d ≤ d/(N · l s ). For hard X-rays (λ = 0.154 nm) the characteristic size of a beam on the sample surface l s ≈ 1 mm even if the beam cross-section size is 20 µm. By substituting the characteristic values of MS parameters: d= 4 nm, N= 100, we obtain the maximum value of structure gradient that still allows correctness of measurements in the hard radiation region: ∇d * ≈ 0.04 nm/mm. Above that limit, ∇d > ∇d * , measurements have to be taken in the soft X-ray range where Bragg angles are larger, hence, it is much easier to ensure the required locality of measurements.
In [27] we proposed a new technique for measuring the shape and period distribution of cylinder multilayer mirrors in a divergent X-ray beam, which allows for simultaneous measurements of both these parameters. The results of measurements by this technique are compared with the data obtained through separately conducted measurements of form (optical method) and period distribution (by small-angle scattering of X-ray radiation in the ϑ-2ϑ geometry). Measurements of the local slope of the tangent to surface agree within the accuracy of nearly 5 · 10 −5 radians, the difference in the Bragg angles data obtained with the proposed technique and by the method of small-angle scattering is not more than 0.004 degrees. The major advantage of the new technique is that it can be used on a commercial diffractometer and enables simultaneous measurements of not only the Bragg angle but also the surface curvature radius. It is also important that both these parameters are measured at the same point on the mirror.
Optimization of the parameters of multilayer mirror systems
In [6, 28, 29] , a dependence of the reflected X-rays output power on the geometrical parameters of cylindrical mirrors (distance from source to mirror, length of mirror, and the cylinder directrix parameter) is investigated taking into account the dependence of reflectivity on MLS local period. The cylinder directrix of the mirrors under study varied in the following forms: parabola, ellipse and logarithmic spiral (LS). Such surfaces can be used for focusing or collimation of radiation (parabola), focus to focus scaling image transfer (ellipse), or as lighting systems (LS). Crossed systems of cylindrical mirrors with mutually perpendicular directrixes, and mirrors with surfaces in the form of ellipsoid of revolution were investigated. Mirrors of this kind are used to form beams from point sources.
It was found that for all of the above types of mirror and mirror systems there exist optimal parameters that ensure maximum output power of radiation. The relations have been obtained that enable it is possible to calculate the optimal parameters of mirrors. Calculations have been carried out on the assumption of small grazing angles, when the sine in the Bragg formula (2d·sin θ = λ) can be replaced by the argument (θ = λ/2d ≪ 1).
The logarithmic spiral (LS) shaped mirrors are investigated in [29] . The LS equation in polar coordinates has the form: r(ϕ) = a · exp(ν · ϕ), where r, ϕ are the radius-vector and the polar angle, respectively, ν = ctg θ is the LS parameter. The key property of a logarithmic spiral is that, once a source is placed at the focus, all rays will be crossing LS at the same grazing angles θ to surface. Thus, a multilayer structure deposited on such a surface should have a constant period.
As shown in [29] , the maximal angular aperture of an LS mirror is α ≈ 1.6 · θ, and its maximal output power is reached at θ opt =[λ/(18 · σ)], where λ and σ are the wavelength and rms height of interface roughness, respectively. The illuminated spot width and the energy efficiency of the mirror have been calculated as a function of distance between the LS mirror end and the observation plane for a given distance from the focal point to the initial point of mirror.
The problems of the optimization of mirrors with a parabolic cylinder form and crossed parabolic systems were investigated in [28] . It is shown that for a given distance from radiation source to mirror (or a crossed mirrors system) x, and a given size of output beam w, there is an optimal length of mirror (or a crossed mirrors system) l, that ensures maximum output power. Analytical expressions in the parametric form to calculate these values have been obtained. The dependence of dimensionless optimal mirror length L vs. its dimensionless initial coordinate η is shown in Fig. 3 . The relation between the dimensional and dimensionless values is given by the expressions: η = x/wε, l = L/wε, ε = 4πσ /λ, where σ is the average interface roughness and λ the wavelength.
Elliptical cylinder mirrors, crossed systems based on elliptical cylinders, and also mirrors in the ellipsoid-of-revolution form were studied in [6] . In all of these beamforming systems the output power P max for the given initial and final coordinates of a mirror is achieved provided there is an optimal ratio of the ellipses minor b and major a semiaxes, k opt = b/a.
A technique for the calculation of k opt and P max has been developed depending on the initial and final coordinates of a mirror, rms interface roughness σ, source size, and radiation wavelength λ. For the practically important case of "short" mirrors, when mirror length lis small compared with the length of the ellipse major semiaxis l ≪ a, analytical expressions for k opt and P max have been obtained depending on the coordinate of the mirror center x c :
where e is the base of natural logarithm, ε = 4πσ /λ. A comparative analysis of the energy efficiency of different K-B systems has shown that, with the lengths of systems being equal, the energy efficiency of symmetric crossed systems (a system of two identical mirrors with coinciding initial and final coordinates) exceeds by four times that of classical K-B systems in which the mirrors are arranged in series with the same parameter of directrix.
The energy efficiency of rotation ellisoid can be tens times higher than for K-B systems of the same length and the same parameter of directrix. It is interesting that in the "short" mirror approximation the value of the optimal ratio of semiaxes k opt = b/a for the rotation ellipsoid is 1.4 times higher than for the crossed system.
It is obvious that in some applications like, for example, the maximum collection of radiation on a slot or illuminated object, the mirrors shaped as figures of rotation are most effective. However, the manufacture of multilayer optical elements with rotation figures is a rather complicated technological problem because of a striking difference in the curvature radii in the azimuthal and sagittal directions. To date there is no available literature on the manufacture of multilayer mirrors in the form of a rotation figure.
The methods of optimization developed enable determination of the optimal parameters for individual mirrors and mirror systems of X-ray beam formation so as to ensure maximum output power in conditions where there are certain limitations on the geometrical parameters (sizes, position relative to source, etc) of reflecting systems.
Quadrelleptical reflector based on four identical multilayer mirrors
A variety of systems for X-ray beam formation have been fabricated by our group based on the technique developed for the manufacture, diagnostics and parameter optimization of GMLS. They were approved by a number of research centres and firms involved in commercial production of X-ray instrumentation. In this section, by way of an example, we provide the characteristics and test results for the novel crossed elliptical system based on four elliptical cylinders, which features the record aperture ratio achieved so far. In [30] [31] [32] we offer a detailed description of the fabrication peculiarities and characteristics of a four-corner reflecting system for focusing the radiation from a quasipoint hard X-ray source (λ = 0.154 nm). The system, referred to by the authors as "quadrelleptical reflector" (QR), consists of four identical multilayer mirrors shaped as elliptical cylinders. The mirrors are arranged symmetrically about the optical axis of the system. The directrixes of the adjacent mirrors are mutually perpendicular. The angular aperture of the system, ∆Ω, equals 1.8·10
−3 steradians and is approximately four times larger than the aperture of today's most light-gathering-power effective reflecting corner systems. A photograph of the QR is shown in Fig. 4 . The radiation source is placed in the QR focal point. In the other focal point is, accordingly, the source image. Such a system can both increase and decrease the source image size. Single elleptical mirrors were made following the technique in [14] . The W/Si MLS were deposited on Si-substrates by the magnetron sputtering method. The use of this technique ensures that the accuracy of the surface shape is ∆α = α − α c ≈ 5·10 −5 radians (here ∆α is deviation of the local angle of the tangent to surface α from the design valuegα c ). Finally the separate mirrors were assembled as a unit. The accuracy of the assembly was 2 -3 microns.
The QR was made for the wavelength λ CuKα = 0.154 nm and the ellipse parameters were: major semiaxis a = 250 mm and minor semiaxis b = 5 mm. The distance from source to QR center X sc = 120 mm and, accordingly, the distance from QR center to the second focal point X ci = 380 mm. The system magnification M = X sc /X ci = 3.17. The QR length is 60 mm. The grazing angle of the radiation on mirrors changes from 1.49 to 1.25 degrees, which corresponds to the MLS period variation in a 3.52 -2.96 nm interval, and the reflectivity varies over the mirror length from 60 to 80 %. The angular aperture of one cylindrical mirror is ∆ϕ = 0.012 radians, so, the angular aperture of the system is, accordingly, ∆Ω = 4·(∆ϕ) 2 ≈ 5.8·10 −4 steradians. The focusing scheme is shown in Fig. 5 . In the left focal point of the ellipse the X-ray tube anode is placed. The QR center is positioned at a specified distance from the focal point X sc = 120 mm on a positioning table, which allows for preliminary adjustment of the system in the horizontal and vertical planes. In the second focal point a fluorescent screen was installed to allow visualization of preliminary adjustment, or a scintillation detector with a working aperture of 30 µm was placed to enable quantitive measurements.
It is interesting to observe the adjustment process of this rather complicated optical system. At first, the fluorescent screen is installed in an intermediate plane between the focal plane and sample. Then the sample is turned around the vertical axis y (Fig. 5, b) until two vertical parallel lines appear on the screen from one-dimensional focusing with two vertical mirrors. At the following stage the sample is turned around the horizontal axis z until two horizontal lines appear on the screen through one-dimensional focusing with two horizontal mirrors. If the system is well-assembled and free of fabrication defects, one would see bright focusing spots flashing at the intersection points of these lines due to 2D focusing from the four corners (screen in position 3 in Fig. 5, b) . Further, we need to balance the luminescence intensities of all four points. In the focal plane one then can see the picture shown in Fig. 5b (position 4 of display) : two bright perpendicular lines resulting from 1D focusing of radiation with opposite pairs of mirrors are seen against a weak background of the direct beam, and at their intersection there is a still brighter area from 2D focusing with all four mirrors.
To eliminate the parasitic light of background and lines we can use the aperture diaphragm shown in Fig. 5 , which transmits only the rays that hit the area of twodimensional focusing. The diaphragm has a square form with square holes in the corners. The size of the diaphragm and the holes depend on a specific section of the beam, in which the diaphragm is installed.
For the X-ray source we used a quasi-microfocus X-ray tube (size of radiation area δ = 95 µm) with a copper anode. A scintillation detector was placed in the focal plane, which could move vertically and horizontally with the help of micrometric screws. A lead screen with a 30 µm diameter hole was installed at the detector input. Measurements of the background radiation intensity yielded I b = 2200 pulse/s. The radiation intensity on the horizontal and vertical lines was I hl = 17500 and I vl = 20500 pulse/s, respectively. The closeness of these values testifies to the fairly high accuracy of the visual presetting of the system. In the two-coordinate focusing zone (the lines intersection area) the intensity I f = 228000 pulse/s. 6 shows the vertical and horizontal distribution of radiation intensity in the focusing spot. The focal area is practically square with a side ∆ ≈ 300 µm. Considering that the source size δ = 95 µm and the designed magnification M= 3.17, the calculated size of the image, ∆ p = δ · M = 301 µm, is in good agreement with the measurement value.
So, the developed technique allowed us to fabricate a four-corner multilayer reflecting system with an aperture ratio that exceeds by four times that of today's most effective crossed systems, and nearly 16 times higher than the aperture ratio of the "classical" K-B systems of the same overall length.
Conclusion
Based on the methods developed for bent surface fabrication and the deposition of graded multilayer structures, a new technology has been engineered at IPM RAS for manufacturing high light-gathering efficiency bent multilayer X-ray mirrors and mirror systems to enable formation of hard X-ray beams.
However, although the accuracy of surface form fabrication in the above technique (∆α ≈ (2 − 4) · 10 −5 radians) is adequate for certain practical applications today, the potential of the methods, by our estimates, measure up to ensuring a surface fabrication accuracy of about ∆α ≈ (5 − 7) · 10 −6 radians. There is an ever increasing need for such surfaces in connection with the advances in synchrotron optics where the characteristic distances from a radiation source to the optical system generally amount to tens of meters. Besides, there is a growing tendency towards minimization of the size of laboratory X-ray sources down to units of micrometers. The work required to increase the accuracy of surface fabrication involves, as the first stage, upgrading the measuring facilities to the extent that would allow surface form measurements to an accuracy of better than ∆α ≈ 5 · 10 −6 radians.
